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Abstract. The combination of electromagnetically-induced transparency (EIT)
and Rydberg excitations in atomic media is a compelling and versatile platform
for both applications in quantum information, and fundamental studies of non-
linear quantum optics and non-local quantum dynamics. In this paper, we study
the dynamics of a Rydberg-EIT system in a medium that allows for more than
one Rydberg excitation in the propagation direction. We study the cross-over
between coherent collective emission (‘flash’) of two-level atoms to a Rydberg
dressed regime. The complex dynamics are studied using both intensity and
time correlation measurements. We show that while steady-state EIT gives a
second order correlation g(2) = 0.79 ± 0.04, the Rydberg-dressed flash exhibits
anti-bunching down to 0.2± 0.04.
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1. Introduction
First demonstrated in 2007 [1], electromagnetically-
induced transparency (EIT) involving highly-excited
Rydberg states (with principal quantum number
n > 60) creates a medium with an extreme optical
non-linearity [2] that enable strong photon-photon
interactions [3] and all-optical photon gates [4].
The closely related four-wave mixing combined with
Rydberg interactions have been used to generate non-
classical light [5, 6], offering a promising single-photon
source. The interplay of excitation, interactions and
light propagation is a complex many-body problem
[7–14].
One aspect that is often overlooked is that light-matter
interactions in dense atomic ensembles exhibit collec-
tive effects [15–23] such as superradiance, however the
interplay between such collective effects and Rydberg
interactions is not well understood. For this reason,
in this paper we study the crossover between coher-
ent collective emission (‘flash’) of two-level atoms, and
single-photon emission from an ensemble of three-level
atoms where the excited state of the two-level system
is coupled to a highly-excited Rydberg state. We refer
to this case as a Rydberg dressed ‘flash’.
The transient and steady-state EIT optical response
of a dense Rydberg atomic gas are investigated using
both intensity and time correlation measurements.
The results obtained further highlight the importance
of interaction-induced dephasing even beyond the
blockade radius, and suggest that the dressed flash
offers an attractive route towards a high repetition rate
single-photon source.
2. Experiment
The details of the experimental setup are described
elsewhere [24]. We prepare on the order of 1000
87Rb atoms in a dipole trap with a radial waist wr =
4.5 µm and longitudinal spread along the beam axis of
approximately wz = 60µm (Figure 1a). The atoms can
either be excited to the intermediate excited state |e〉 or
to a Rydberg state |r〉 = |nL〉, where n is the principal
quantum number (n = 80 in the results reported
below), and L is the orbital angular momentum. The
long-range dipole-dipole interactions (Van-der-Waals
or resonant dipole-dipole) limit a second Rydberg
excitation within a characteristic blockade radius,
thereby forming a Rydberg superatom [25] (shown
as blue circles in Figure 1a) with long range spatial
correlations [26].
The three-level EIT ladder system (Figure 1b) consists
of the D2-line probe transition (ΩP) at 780 nm between
ground state |g〉 and excited (intermediate) state |e〉,
and the coupling transition (ΩC) at 480 nm between |e〉
and Rydberg state |r〉. The atomic cloud is illuminated
in a counter-propagating fashion with probe (red) and
coupling laser beams (blue) as shown in Figure 1d. The
probe beam is tightly focused (wP ≈ 1.4 µm) by a high
numerical aperture (NA) lens and its transmission (T)
is collected downstream by a single mode (SM) fiber
used as a spatial filter, and detected on a standard
Hanbury Brown and Twiss (HBT) interferometer [24]
comprising a fiber beam splitter and two single-photon
avalanche detectors (SPADs) (Figure 1c).
The laser pulse sequence used for the characterisation
of the optical response of the medium is shown in
Figure 2a. An on-resonance weak coherent probe pulse
(ΩP) containing on the order of 5 photons with a
duration of 700 ns and rise/fall time 20 ns is followed
by a strong coupling laser pulse (ΩC) with a delay
of approximately 350 ns and rise/fall time of 100 ns.
The coupling beam delay is implemented to monitor
the optical depth (OD) by comparing the relative
photon counts from the optical response in the two-
level system steady state (between 200 ns and 350 ns)
to that of the probe laser pulse in the absence of
atoms, and to investigate possible EIT transients,
see e.g. [27]. The normalised transmitted intensity
though the medium for three different coupling powers
(ΩC = 2pi · 0 MHz, ΩC = 2pi · (3.24± 0.10) MHz and
ΩC = 2pi · (8.08± 0.24) MHz) are shown in Figure 2b.
In general, the observed transmission is a consequence
of the interference between the incident laser field and
the scattered dipole emission. For the two-level case
(ΩC = 2pi · 0 MHz; in red) it shows a distinct first
peak at the rising edge of the probe pulse, followed
by a steady state with low photon counts determined
by the optical depth of the medium. A second peak
appears at the falling edge of the pulse as a result
of the interference of the decaying collective modes of
the atomic polarization [15]. As discussed below, this
two-level transient has a superradiant behavior with
collectively enhanced decay rate of Γ1 = (2.3± 0.1)Γ0
in this experiment.
The intermediate regime of the crossover between the
collective two-level transient and the EIT transient or
(Rydberg dressed) ’blue flash’ for |nL〉 = |80S1/2〉 and
a coupling Rabi frequency ΩC = 2pi ·(3.24± 0.10) MHz
is shown in blue. The build-up of the EIT window
manifests as an increase in photon counts from 500 ns
on. The height of the coherent two-level transient
(’flash’), with decay rate Γ1, at the falling edge is
reduced and a second slow decaying feature, with
decay rate Γ2, appears thereafter. This EIT-transient
or ’dressed flash’ dominates the dynamics for higher
coupling Rabi frequencies, as shown for ΩC = 2pi ·
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Figure 1. Schematic of experimental scenario: (a) A cold and dense cigar-shaped cloud of 87Rb atoms (grey dots) is probed using
a weak laser pulse on resonance with the probe transition (|5S1/2, F = 2,mF = 2〉 −→ |5P3/2, F ′ = 3,mF’ = 3〉, denoted ΩP in (b))
and coupled to a high Rydberg state |r〉 = |nS1/2〉 in an EIT ladder scheme using a strong CW coupling laser (ΩC in (b)). (d) The
cold atomic cloud is prepared by magneto-optical and successive dipole trapping between two high-NA lenses, the first one being
used to focus the probe and dipole trap beams to a waist of wP ≈ 1.4 µm and wr ≈ 4.5 µm respectively. The second lens collects the
fluorescence, which is then detected downstream on a HBT interferometer setup using single-photon avalanche detectors (c).
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Figure 2. Crossover from collective 2-level transient to Rydberg dressed EIT-transient for |nL〉 = |80S1/2〉: (a) Schematic of the
laser pulse sequence used for the data of this Figure. (b) Normalised transmitted intensity as a function of time for ΩC = 0 (red), for
the intermediate coupling regime ΩC = 2pi · (3.24± 0.10) MHz (black) and for high coupling laser power ΩC = 2pi · (8.08± 0.24) MHz
(olive). (c) Contour plot of normalised transmission on two-photon resonance for different coupling powers ΩC.
(8.08± 0.24) MHz (in olive) and reaches a peak height
of well over 5 % of the incoming pulse intensity. Note,
that the intensity in the EIT steady state is below
15 % indicating imperfect transparency compared to
single particle prediction. We will later motivate
the relation to interaction induced dephasing, which
leads to a broadening of the EIT feature and by
that decreases the EIT-transient times as discussed
by Zhan et al. [27]. In contrast however to their
theoretical calculations, where oscillatory behaviour of
the transient is expected under certain conditions, the
decay of the Rydberg excitations seems to be fully
dominated by interaction-induced dephasing, leading
to an exponential decay without resolvable oscillations
[28].
The continuous transition from two-level to EIT-
transient is depicted in the contour plot in Figure 2c. It
shows a considerable group delay of the EIT transient
of 28 ns compared to the two-level transient, which
indicates that dispersive effects like the slow light effect
also play a role in this ensemble [29].
The transient dynamics are further investigated by
considering the decay rates of the two-level (Γ1)
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Figure 3. Transient decays for different coupling strengths
ΩC: Decay rates Γ1 and Γ2 of the collective 2-level and EIT-
transient respectively as a function of coupling strength ΩC in
squares (black) and circles (red) respectively for Rydberg state
|nL〉 = |80S1/2〉.
and EIT-transient (Γ2) for different coupling powers,
as shown in Figure 3. Here, the decay rates are
normalized to the natural line width of the D2
transition Γ0 = 2pi · 6.065 MHz [30]. All error bars
correspond to the uncertainty of the exponential fits
to the transients. The coherent decay, Γ1, starts
at around 2.3Γ0, in agreement with the expected
collective speed-up at OD= 4 [15], and tends towards
Γ0 for increasing ΩC, indicating a breakdown of the
collective two-level response by the Rydberg-blockade
mechanism. The dressed decay, Γ2, starts at around
0.2Γ0 and increases slightly to 0.5Γ0 with increasing
coupling strength. Note that, due to limited coupling
laser power, higher Rabi frequencies were not accessible
for |r〉 = |80S1/2〉. We propose to explain the increase
of the EIT-transient decay rate Γ2 with coupling power
with a weakened blockade mechanism compared to
interaction induced dephasing. This unites different
pictorial descriptions of Rydberg-Rydberg interactions
in EIT media: With increasing ΩC the blockade radius
rb ∝ Ω−1/6C is reduced, allowing smaller distances and
therefore stronger interactions and dephasing between
Rydberg excitations, before they blockade each other.
This reduction of the blockade mechanism is also
suggest from the increase in the EIT-steady state
intensity at high compared to low ΩC in Figure 2.
The quantum nature of the dynamics in our system
is revealed in the statistical correlations of the
transmitted photons within different parts of the
sequence as shown in Figure 4 for coupling Rabi
frequency ΩC = 2pi ·(8.1± 0.2) MHz. As expected from
a two-level system driven by a coherent state (incoming
laser pulse) the statistics show no suppression of
photon coincidences (red, 150 ns to 350 ns). In the
steady state response of the three-level system under
Rydberg-EIT condition (blue, 570 ns to 770 ns) a
suppression of detected coincidences [25] with g(2)(0) =
0.79 ± 0.04 is observed. This suppression stems
from the Rydberg blockade effect, which causes the
incoming probe photons to be localized in the medium
as Rydberg-polaritons and propagate through the
medium at reduced group velocity as a result of the
slow light effect found in EIT media [31]. Furthermore,
the Rydberg-blockade imposes a minimum spacing
between the polaritons, which translates into a
temporal separation of the transmitted photons [26],
leading to anti-bunching. As a consequence of the
rather low optical depth per blockade radius ODb,
which is estimated to be around 0.4, the effect of the
Rydberg-blockade on incident photons is expected to
be reduced, compared to other experiments in regimes
with ODb >> 1 [3].
Interestingly however despite the low ODb < 1, a
pronounced anti-bunching of photons is observed in the
EIT-transient. The time window centered around the
maximum of the feature (olive) shows the strongest
supression of coincidences with g(2)(0) = 0.20 ±
0.04. The imperfection of coincidence suppression
mainly stems from the elongated cigar-shape of the
atomic ensemble, allowing more than one Rydberg
excitation to be simultaneously present in the medium
[32]. For the Rydberg state |80S1/2〉 the blockade
radius, rb, is approximately 10 µm, allowing for roughly
two simultaneous excitations until the cloud is fully
blockaded. As will be discussed in more detail later, the
higher g(2)(0) value at later times within the transient
(see Figure 4d), suggests complex correlation dynamics
in the system. These dynamics seem different in nature
to those found in storage protocols as shown in [28].
The anti-bunching effect increases with principal
quantum number n (see [28]). The obtained results
are expected due to the strong scaling of the blockade
radius with n which defines the maximum number of
excitations within the atomic cloud, as well as the
Rydberg-Rydberg interactions dephasing [33]. Both
the g(2)(0) value, and the photon rate increase with
incident photon number (see [28]).
In order to gain more information about the interplay
between dephasing and the Rydberg-blockade, the
transient intensity and correlations dynamics were
analysed in more detail with a slightly modified pulse
sequence shown in Figure 5a. The coupling beam is
operated in continuous wave (CW) mode with a Rabi
frequency of ΩC = 2pi · (9.8± 0.3) MHz, while a weak
probe pulse is sent through the medium. The pulse
sequence is chosen to avoid any limitations due to
the slower rising time of the coupling power. This
leads to an almost symmetric shape of the EIT turn-
on transient and decaying transient at the beginning
and end of the probe pulse respectively (Figure 5b.
The calculated second-order autocorrelation function
g(2)(τ) for τ = 0 (red) and the statistically averaged
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Figure 4. Detailed analysis of the photon statistics within the pulse sequence at |nl〉 = |80s1/2〉: Normalised transmitted intensity
versus time and second-order autocorrelation function g(2) through a cloud of (a) opaque two-level atoms with g(2)(0) = 1.00±0.12,
(b) three-level atoms under EIT condition with g(2)(0) = 0.79± 0.04, (c) first 50 ns of the EIT-transient with g(2)(0) = 0.20± 0.04,
(d) second 50 ns of the EIT dressed flash with g(2)(0) = 0.40± 0.11. The uncorrelated levels for g(2)(τ 6= 0) are 0.94, 1.16, 1.13 and
1.07 respectively for the four cases.
value for τ 6= 0 (blue) for three subsequent identical
pulses in one experimental run are presented in
Figure 5c, where a time binning of 30 ns was used.
In parallel to the build of EIT transparency, the
transmitted photons exhibit start anti-bunching in the
EIT steady state. The lowest g(2)(0) is observed in
beginning of the EIT-transient, while the correlations
show non-trivial behaviour in later parts of the
feature. The non-uniform suppresion of two-photon
events within the transient suggest that the retrieval
dynamics of Rydberg excitations in the medium are
different for two (or multiple) compared to a single
excitation. In that sense, the regime of ’weak blockade’
investigated here requires a first-order correction to the
usually described (zero-order) blockade model [26], by
including the presence of two simultaneous excitations
that dephase each other. The equal-time correlation
measurements g(2)(0) allow to resolve to some extend
the contributions of single and multiple excitations to
the observed intensity, corroborating that interaction-
induced dephasing dominates the dynamics in the
transient. Note, that the slight reduction of the
g(2)(τ 6= 0 (blue) may be explained from the absence of
the 2 % directly transmitted intensity from the probe
pulse at OD 4.
As previously discussed, the transients of the on-
resonance EIT Rydberg excitation (∆P/C = 0)
depends on the dephasing induced by the Rydberg
nature of the metastable third state |r〉 that lead to
imperfect transparency. If |r〉 is a non-interacting
narrow-linewidth state, the transparency window
would lead to negligible absorption on two-photon
resonance and make the process very slow. The
idea now is to break the EIT-condition and excite
to the Rydberg state via one of the dressed states
|±〉 = 1/√2(|r〉 ± |e〉), which might be described as
a Rydberg-dressing of the two-level transient. The
detuning should therefore be matched to the coupling
Rabi splitting ∆P ≈ ±ΩC/2. For the data presented
in Figure 6, the probe laser detuning was varied
for different spectral positions in the EIT spectrum.
Similarly to before, the transient response behavior
of the Rydberg-EIT as a function of the probe-field
is then studied by collecting the emission from the
intermediate excited state |e〉. The counter plot of the
dressed flash intensity for different detunings (Figure
6a shows that the transient response of the medium for
red- and blue-detuning is strongly altered compared to
the on-resonant case. The appearance of the two-level
transient for ∆P 6= 0 in the time resolved intensity
suggests an analogy between detuning the probe beam
from EIT resonance and reducing the coupling Rabi
frequency ΩC as shown previously.
When looking at the photon correlations however, the
distinction between the two becomes apparent. The
second-order auto correlation function g(2)(τ) for τ = 0
(red) and the statistically averaged value for τ 6= 0
(blue) were evaluated within the EIT steady state
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Figure 5. Photon correlation transients in Rydberg-EIT
media: (a) Pulse sequence for the data shown in this figure.
(b) Normalised intensity and (c) Second-order autocorrelation
function g(2)(τ) for τ = 0 (red) and the statistically averaged
value for τ 6= 0 (blue). Data points shown are for three
subsequent identical pulses in one experimental run, with a
binning of 30 ns.
window between 245 ns and 385 ns (shown in Figure
6b). A significant photon bunching in the transmitted
light (red) compared to the correlated level (blue) are
observed for probe detunings where the medium is
expected to be opaque. Interestingly, this bunching
appears for both red and blue detuning, which is in
contrast to the usually described ’Rydberg enabling’
of multiple excitations, when detuning the coupling
beam and leaving the probe beam on resonance (∆P =
0, ∆C 6= 0). The results are however in total
agreement with predictions by [34], who attribute
the bunching feature at the Autler-Townes peaks to
dephasing mechanisms. It should be noted, that the
less pronounced anti-bunching feature on resonance
here might stem from a slightly higher input photon
number. As discussed in [28], the anti-bunching effect
decreases with increasing input photon rate.
In conclusion, we have presented and characterised
transient collective effects in a dense Rydberg-
EIT ensemble of cold 87Rb atoms. The observed
decay rates of the transients in EIT on-resonance
regime suggests a transition from blockade-dominated
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Figure 6. Detuning of the probe pulse (∆P 6= 0, ∆C = 0):
(a) Contour plot of the normalised intensity and (b) second-
order autocorrelation function g(2)(τ) for τ = 0 (red) and the
statistically averaged value for τ 6= 0 (blue).
dynamics at low coupling Rabi frequency ΩC, to
increased interaction-induced dephasing at higher ΩC.
Off-resonant excitation via the dressed states was also
investigated, revealing significant photon bunching in
the transmitted light within the EIT steady state
in stark contrast to the bunching in the on-resonant
case. Due to its strong anti-bunching and minimal
sequence duration, the EIT transient or ’dressed flash’
presented here offers a promising route towards a
high repetition rate single photon source and the
useful test-bed for benchmark many-body simulations.
From a fundamental point of view, our results unify
the effective description of Rydberg interactions in
the frequency domain and the direct consequences
on the steady state and transient dynamics in the
time domain. Specifically, the observed transients
may be related to interaction-induced dephasing, while
the non-uniform coincidence rate within the transient
suggest that photon pairs tend to arrive at different
times than single photons. Together, with the observed
bunching under specific conditions, these results pave
the way towards a new level of control on weak photon
pulses which could be termed ’quantum pulse shaping’,
where in addition to the temporal envelope, the photon
statistics and temporal separation of different photon
number states are tunable. With ultimate control
over experimental parameters like the ensemble size,
density, laser frequencies and powers the platform
might well be able to offer shaping of abirtrary
quantum pulses.
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